The present study addressed the adherence of Carnobacterium divergens and Aeromonas 27 salmonicida subsp. salmonicida to the intestinal lining of Atlantic salmon (Salmo salar L.) 28 using an ex vivo methodintestinal sac -following feeding with pea protein concentrate, 29 extracted sunflower or feather meal at 200 g/kg inclusion level. Control diet was a 450g/kg 30 fishmeal diet. The experimental feeds were fed to two groups each for seven weeks at 31 EWOS Innovations' facilities in Lønningdal, Norway. Ex vivo intestinal challenge was 32 carried out at Institute for Marine Research, Bergen. Excised intestines of salmon from all 33 feeding groups were exposed to a probiotic, C. divergens or a pathogen, A. salmonicida 34 either alone or in combination and control samples were exposed to sterile saline solution. 35
Introduction

51
Fish possess an indigenous intestinal microbiota which it is under constant challenge from 52 non-commensal bacterial populations [1, 2, 3] . Several investigations have shown that 53
Carnobacterium spp. are a natural part of the gut microbiota in salmonids [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and that 54 they display antimicrobial abilities and in vitro growth inhibition of several fish pathogens 55
including Aeromonas salmonicida spp. salmonicida (A. salmonicida) [16,17] a well-56 known fish pathogen of salmonids [18] . Carnobacteria has been suggested as probiotics 57
[19] but a favorable criterion of a probiotic bacterium is its ability to adhere to and grow in 58 the mucus or on the enterocyte surface and is an important criteria when evaluating the use 59 of probiotics in endothermic animals as well as in fish [20, 21, [42] [43] [44] . 60
Previous studies has shown that gastrointestinal (GI) tract in fish is one of the major 61 infection routes for A. salmonicida [12, 22, 23] and other pathogens [24, 32, 45, 46] . 62 Furthermore, some studies have shown that exposing fish intestine to Carnobacterium ssp. 63 and a pathogen bacteria result in alleviation to some degree of the potentially damaging 64 effect of the pathogen bacteria [24] [25] [26] . This is however difficult to measure in vivo and 65 during the last few years the ex vivo intestinal sack method has been used in several studies 66 to evaluate possible histological and bacteriological changes in the fish intestine after 67 exposure to high levels of lactic acid bacteria (LAB) and pathogens [24] [25] [26] 37] . In the 68 present study, the ex vivo method was applied to circumvent the uncertainty of an in vivo 69 experiment because it has proved useful in evaluating bacteriological effects on intestinal 70 tissue under controlled experimental conditions [33] . This method has been developed 71 according to the EU recommendation to reduce the number of in vivo experiments and the 72 number of fish used (Revision of the EU directive for the protection of animals used for 73 scientific purposes [Directive 86/609/EEC]; 08 th September 2010). However, the method 74 has limitation by the viability of the tissue once it has been removed from the host. 75 Therefore only one hour of incubation has been used. Prolonged incubation; > one hour 76 following excision of the tissue may result in natural degradation making the negative 77 effects as result of bacterial exposure indiscernible. Due to the short term durability of the 78 ex vivo method, results generated should only be considered a snapshot of the whole story, 79 and although will not replace in vivo experiments, may contribute to reduce the number of 80 fish in subsequent in vivo trials. The present study used live bacteria as previous studies 81 have shown epithelial damage and bacterial adherence as a result of exposure to live 82 bacteria [12, 24, 31, 33, 37] , higher bacterial translocation than using heat-inactivated 83 bacteria [23] and enhanced stimulation of phagocytotic activity [47] . 84 Fishmeal (FM) has become a limited feed ingredient and the dependency on marine 85 protein is alleviated using alternative feed ingredients. Alternative terrestrial proteins, 86 especially plant based raw materials may contain anti-nutritional factors (ANF) which 87 have shown to have potential negative effects for the intestinal morphology in Atlantic 88 salmon [29, 39] . Dietary alterations have shown to influence the indigenous intestinal 89 microbiota in fish [27] [28] [29] [30] as well as modulate changes in the intestinal mucosal integrity 90 [28, 29] . Although there is information available on the influence of dietary manipulations 91 on the endogenous intestinal microbiota in fish, few studies have investigated the 92 importance of diet on the susceptibility to pathogenic bacteria [26,31] and less information 93 is available on the modulation of the gut microbiota using animal proteins or oils in the 94 diet [27, 32] . 95
The purpose of the present study was therefore to investigate whether C. divergens 96 originally isolated from the digestive tract of Atlantic salmon (Salmo salar L.) [4] could 97 exclude and displace A. salmonicida in the Atlantic salmon intestine by using the 98 intestinal sack method; a method used in some previous studies [26, 31, 33, 34] . The 99 intestinal sac method was chosen for its simplicity and superior efficiency over in vivo 100 remained above 77% for the duration of the trial. Post acclimatization, the fish were fed 126 the trial diets for seven weeks and thereafter transferred to challenge facilities at the 127 Institute of Marine Research (Bergen, Norway). After the transfer, the fish were fed for 128 two additional weeks for acclimatization in order to reduce stress related effects prior to ex 129 vivo challenge experiment. No mortalities were recorded for the duration of the trial. 130
Bacterial suspensions 131
Carnobacterium divergens Lab01 cultivated from a pure cell culture was used as an 132 indigenous probiotic bacterium in the present study. 
Ex vivo intestinal exposure 143
Ex vivo exposure of the intestines to the bacterial strains was performed using the intestinal 144 sac method as previously described in several studies [12, 25, 26, 31, 34, 37] with some 145 modifications. Prior to the ex vivo challenge fish were starved for 24 hours and sacrificed 146 with a blow to the head. Briefly, the entire intestine, from behind of the last pyloric caeca 147 to the anus was removed aseptically and flushed three times using sterile physiological 148 saline (0.9‰) to remove allochthonous (non-adherent) bacteria. The distal end was closed 149 tight using a cotton string before filling with the appropriate treatment solution (Table 2) . 150 7 In the control group, the intestine was exposed only to sterile saline solution. Intestines 151 exposed to saline or bacteria were incubated in Falcon tubes containing saline for one hour 152 at 10 o C. In two treatments exposed to C. divergens and A. salmonicida; treatment 4 and A. 153 salmonicida and C. divergens; treatment 5 the intestines were first exposed to bacteria for 154 30 min. cut open, emptied and flushed 3 times by saline, and thereafter exposed to the 2 nd 155 bacteria. Intestines from four individual fish per dietary groups were subjected to each of 156 the treatments described in Table 2 . All intestines were flushed three times prior to and 157 post incubation using three ml saline with every rinse to ensure that only the 158 autochthonous bacteria were sampled. In order to obtain enough samples for each analysis, 159 samples for histological analysis were taken from pyloric intestine (PI) and samples for 160 autochthonous bacteria were taken from DI. 
Intestinal microbiological analysis of distal intestine (DI) 176
Sampling of autochthonous (adhered) bacteria was carried out as previously described [37] 177 following exposure to either saline or bacteria. DI's were placed in separate sterile 178 Seward ® Stomacher bags and added 2 ml saline. The homogenates were immediately 179 transferred to Nunc tubes and flash frozen in liquid nitrogen. Homogenized intestinal 180 samples were thawed on ice and DNA extracted as previously described [15] using 1 ml 181 phosphate buffered saline to wash the samples. 182
The primers used in the present study have been used in a previous study [15] . 
Statistical analysis 202
A Spearman rank correlation analysis was carried out to evaluate the correlation 203 coefficients between the scores of the TEM micrographs on a scale from 0 to 1 (Fig.1) . 204
Electron microscopic scores were also analyzed using multilevel binomial model with an 205 observation level random effect to evaluate the additive or interactive effect of treatment 206 and diet. A multilevel model was necessary to acknowledge the fact that several 207 individuals were examined from each replicate tank. P-values for this model are not 208 defined because the actual degrees of freedom are unknown. Instead fixed effect of diet 209 and treatment and their interaction was fitted with the help of an R-package (blme) and F-210 values estimated for the main effects and the interaction for each parameter P1-12. 211
Generally large F-values exceeding 2.5 is considered significant. Based on the fitted 212 statistical model, the expected percentage of micrographs with the condition with 95% 213 confidence interval was analyzed and is shown in figure 2. 214
Effects of treatments and diets on the number of autochthonous C. divergens and A. 215 salmonicida were analyzed using general linear models. Since the bacteria counts are 216 high, the normal distribution could be used as an approximation of the Poisson 217 distribution. Due to the wide range of counts, all counts were transformed to logarithms 218 before analysis (1 was added to all counts before logging to avoid taking a logarithm of 219 zero). Likelihood tests were run on nested models of diet and treatment to evaluate effect 220 of diet, treatment and the interaction between these. All statistical analyses were carried 221 out with the R language [41]. 222
Results
223
Intestinal histology of PI 224
The Spearman rank correlation ( Fig. 1 ) of the TEM micrographs show that there is a 225 strong positive correlation coefficient between the damaged microvilli and presence of cell 226 debris in the lumen (0.53), consistent with the effects of exposure of the mucosal lining to 227 A. salmonicida. There was also a strong correlation between the prevalence of 228 mitochondria with an unhealthy appearance and increased vacuolization (0.52). A strong 229 negative correlation was observed between the prevalence of mitochondria with a healthy 230 and an unhealthy appearance in the micrographs (-0.56). 231
Control samples from PI of each dietary group exposed to saline showed normal 232 appearance of enterocytes. The enterocytes had normal undamaged microvilli and intact 233 apical tight junctions, indicating that diet did not significantly affect intestinal 234 histomorphology. 235
Effect of exposure to C. divergens on intestinal histology 236
Following exposure to C. divergens (Fig. 2 ) TEM showed an apparent improvement of the 237 intestinal structure. Generally there were lower frequency of intra-epithelial leucocytes 238 (IEL's), lower frequency of debris in the lumen and a higher frequency of healthy looking 239 mitochondria. Following use of FeM ( Fig. 3 ), PPC and ESF intestinal structure appeared 240 normal and did not statistically differ from the FM control group. 241
Effect of exposure to A. salmonicida on intestinal histology 242
Intestinal tissue exposed to A. salmonicida showed sign of damage: disrupted microvilli, 243 damaged enterocytes and cell components in the form of debris in the lumen. These 244 detrimental changes were observed in intestine from fish fed FM, PPC and ESF (Fig. 2 ) 245 from low frequencies as no more than 3 micrographs from each individual showed signs of 246 tissue damage. In fish fed FeM however the detrimental changes were observed in medium 247 frequencies as up to 7 micrographs per individual showed tissue damage (Fig. 2) . Bacteria-248 like structures were observed between the microvilli (Fig. 4 ). Following feeding with ESF and exposure to A. salmonicida an aggregation of rodlet cells was observed ( Fig. 5) which 250
were not observed in any of the other groups. 251
Effect of exposure to C. divergens prior to A. salmonicida on the intestinal structure 252
Intestines exposed to C. divergens prior to A. salmonicida generally showed similar 253 appearance of intestinal structure to that of the control groups (exposed to saline) (Fig. 2) . 254
Fish fed FeM prior to exposure to the bacterial strains, however, showed excess lipid 255 vacuoles ( Fig. 6 ). 256
Effect of exposure to A. salmonicida prior to C. divergens on the intestinal structure 257
Intestines exposed to A. salmonicida prior to C. divergens showed a general increase in 258 tissue edema and vacuolization ( 
Adherence of C. divergens to the distal intestine 270
Exposure to either C. divergens alone (treatment 2; Table 2) or the two combination 271 treatments, (treatment 4 and 5; Table 2 ) revealed significantly increased adherence of C. 272 divergens compared to the saline exposed control group (Figure 7a ). When intestine was exposed to A. salmonicida (treatment 3; Table 2) , adherence of C. divergens was not 274 different from control group. 275
Diet did not significantly affect the adherence of C. divergens and there was no interaction 276 between exposure treatment and diet (Table 3) . 277
Adherence of A. salmonicida to the intestine 278
Ex vivo exposure to A. salmonicida, and A. salmonicida prior to C. divergens, resulted in a 279 significant increase in adherent A. salmonicida compared to fish fed FM and exposed to 280 saline (Figure 7b ). Levels of adherent A. salmonicida increased numerically but the effect 281 remained non-significant following exposure to C. divergence prior to A. salmonicida 282 indicating a hindrance in adherence of the pathogen by the probiotic compared to the 283 increase in A. salmonicida following exposure to A. salmonicida and A. salmonicida prior 284 to C. divergens. Diet did not significantly affect the adherence of A. salmonicida and there 285 was no interaction between exposure treatment and diet (Table 3) . number of adhered A. salmonicida however was almost three-fold higher that of C. 296 divergens. The mechanism involved to give the pathogen such advantage in adhering to 297 the mucosal lining is unknown. Host specificity may be involved; however, as both 298 bacteria used in the present study originally were isolated from Atlantic salmon, this is 299 unlikely. A more likely explanation may be that A. salmonicida is an opportunistic 300 bacterium which in order to enhance its own adherence may displace the endogenous 301 autochthonous bacteria. Displacement of the endogenous gut microbiota has previously 302 been shown in Arctic charr (Salvelinus alpinus L.) following in vivo challenge with A. 303 salmonicida [27] . In order to clarify the mechanism involved in the improved adherence of 304
A. salmonicida to fish mucosal lining, this topic merits further studies. 305
The results of the combination treatment show that the level of C. divergens was similar in 306 both treatments, but the levels were lower than when the intestine was exposed to C. 307 divergens alone. In the case where C. divergens was allowed to adhere prior to A. 308 salmonicida the results suggest that A. salmonicida is able to displace to some degree the 309 adherent C. divergens. Furthermore, as the levels of A. salmonicida were lower than when 310 the pathogen was exposed alone these results indicate that C. divergens is able to exclude 311 A. salmonicida from binding sites in the mucosal lining. Following the treatment where A. 312 salmonicida were exposed prior to C. divergens, the level of adherent A. salmonicida was 313 lower than singular exposure, indicating a displacement of the pathogen by the probiotic 314 bacteria. The mechanism for this ability however is unknown. Probiotics are known to 315 have mechanisms which hinder pathogen bacteria from attaching and even prevent them 316 from invading [50] however it is yet unknown which mechanism probiotic bacteria uses to 317 displace pathogens, or if this is up-regulated in the presence of pathogenic bacteria. 318
During the last decade, several studies have been published about the importance of 319 probiotics in protection against disease through stimulation of the immune system [25,51-320 54]. In the present study exposure of A. salmonicida prior to C. divergens resulted in the 321 presence of IEL's within the enterocytes lying parallel to the lamina propria. These cells 322
were not observed when intestine was first exposed to C. divergens prior to A. inclusion of ESF to the diet the reason for the increased adherence may be yet unknown 390 and effect of diet on the binding mechanism of bacteria merits further study. 391
392
Conclusive remarks 393
The present study investigates the effect of alternative protein sources on the adherence of 394 a probiotic, C. divergens and a pathogen, A. salmonicida bacteria to the mucosal lining of 395 Atlantic salmon intestine using ex vivo methodology. In conclusion this study has shown 396 that inclusion of pea protein concentrate, extracted sunflower and feather meal will not 397 significantly affect the adherence of the bacteria to the intestinal lining. Furthermore none 398 of the chosen protein sources resulted in changes in the intestinal structure following 399 exposure to saline or to the probiotic. It was however evident that use of feather meal may 400 intensify the damage caused by A. salmonicida to the mucosal lining. As some differences 401 in adherence was observed following a 30 minute exposure and a 60 minute exposure 402 future studies undertaken to use the intestinal sac method to evaluate adherence of bacteria 403 should consider also adding a bacterial control group where the intestine is first exposed to 404 30 minutes with bacteria followed by 30 minutes with saline. 405 406 Acknowledgements 407
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